We examined reproductive seasonality in 2 populations of the harbor porpoise (Phocoena phocoena) in the eastern and western North Atlantic Ocean and compared our observations with historical data from the Baltic and North seas. Dates of conception for individuals were back-calculated from fetal size and an estimated fetal growth rate of 83 mm/month. Mean conception date was 6 July Ϯ 9.5 days (SD) in the Bay of Fundy and Gulf of Maine and 25 July Ϯ 20.3 days in the Kattegat and Skagerrak seas. Timing of conception did not differ between the Kattegat and Skagerrak and the North seas but was significantly earlier there than in the Baltic Sea (18 August Ϯ 11.8 days). Based on mean body size at birth (a mass of 6,025 Ϯ 440 g and a length of 762 Ϯ 54 mm), gestation was estimated to last for approximately 10.4 months. We hypothesize that differences in mating seasons reflect seasonal patterns in distribution and behavior of prey, so calves are born when maternal prey is abundant and is of high quality.
Most species of mammals exhibit seasonal patterns of reproduction. In some, the timing of discrete reproductive events such as ovulation and implantation is linked to photoperiod (Bronson 1989) . Natural selection has molded the response of female mammals to such proximate cues because of consequences to the fitness of individuals created by variation in ambient temperature, food availability, predation risk, or other ultimate factors. The intensity of selection, and thus the degree of reproductive seasonality, will vary with degree of seasonal variation in one or more of these ecological factors. In general, timing of reproduction tends to be highly synchronized in populations of mammals at high latitudes, where seasons of high productivity are brief, and less synchronized and more protracted in low-latitude populations (Boyd et al. 1999; Bronson 1989 However, not all intraspecific variation in the timing of reproduction can be explained by latitude. Females may be adapted to local conditions so that the timing of breeding (although not necessarily the degree of synchrony) varies among conspecific populations at a given latitude. For example, 3 populations of the bottlenose dolphin (Tursiops truncatus) at similar latitudes in the southeastern United States differ greatly in reproductive seasonality (Urian et al. 1996) . These differences are believed to reflect variation in seasonal availability of prey between areas.
The purpose of the present study was to examine reproductive seasonality of the harbor porpoise (Phocoena phocoena) in the North Atlantic Ocean. In all populations studied to date, the species exhibits pronounced reproductive seasonality, with synchronized ovulation and conception, followed by 10-11 months of gestation (Read FIG. 1.-Estimation of length of gestation and fetal growth rate by the method of Hugget and Widdas (1951) , adjusted for seasonal breeders. W is body mass, L is body length, mcd is mean conception date, t 0 is the lag phase, and t is age. Observations on fetal body mass from the Kattegat and Skagerrak seas have been added to the graph to illustrate the method. For further explanation see text.
1999). We demonstrate a new approach for describing patterns of reproductive seasonality by estimating the distribution of conception dates from fetal size and growth rates and then use this method to examine timing and synchrony of reproduction in 2 widely separated populations: the Bay of Fundy and Gulf of Maine population and the Kattegat and Skagerrak population (off the Swedish west coast). We also compare the timing of reproduction with historical observations from the Baltic and North seas. Finally, we present new estimates of size at birth, gestation length, and parturition dates.
MATERIALS AND METHODS
For eutherian mammals, the relationship of fetal mass (W t ) to fetal age (t ϭ time elapsed since conception) can be described by equation 1 (W t 1/3 ϭ u(t Ϫ t 0 )-Hugget and Widdas 1951) or by assuming that length (L t ) is proportional to the cube root of body mass, by L t ϭ u(t Ϫ t 0 ), where u (''a'' of Hugget and Widdas 1951) is the fetal growth rate, and t 0 is an initial lag phase (equation 2). The term t 0 is also referred to as the nonlinear phase (Perrin and Reilly 1984) and has been described as the period in which the placenta becomes established (Payne and Wheeler 1967) . Solving this equation for fetal age (t) yields t ϭ (L t /u) ϩ t 0 (equation 3). To estimate age of individual fetuses from observations of size (W t or L t ), we therefore need estimates of u and t 0 .
In a seasonally breeding species, fetal size on any day will be related to the time elapsed since conception (t) plus the mean conception date (mcd). The growth equation (equation 1 or 2) can be then rewritten as Y ϭ a ϩ bX (equation 4), where Y is fetal size (W t 1/3 or L t ), X equals t ϩ mcd, and a and b are estimates of Ϫu(t 0 ϩ mcd) and u, respectively (Fig. 1) . The term (t 0 ϩ mcd) is thus an approximation of the date when the lag phase of gestation ends. If a time series of fetal sizes is available, it should be possible to estimate fetal growth rate using linear regression. To do this we used lengths (n ϭ 20) and weights (n ϭ 17) of harbor porpoise fetuses obtained from females incidentally killed in commercial fishing gear (hereafter termed bycaught) year-round in the Kattegat and Skagerrak seas from 1980 to 1997. To account for interpopulation variation in this parameter, we also estimated fetal growth rate from published observations of fetal lengths from the North Sea (n ϭ 64-Grieg 1898) and from the Black Sea and Sea of Azov (n ϭ 453-Tsalkin 1940 cited in Tomilin 1967) . Although neither Grieg (1898) nor Tomilin (1967) provided information on how specimens were obtained (i.e., whether pregnant females were obtained from captures, strandings, or both), we consider the large sample sizes and year-round representation of observations valuable for comparison. Historical data were presented as monthly averages; hence, for length we measured X as the month of observation (starting at 1 in January during the year of conception and running to 24 in December the year after conception). We tested for equality of slopes following the methods of Sokal and Rohlf (1995) .
We then estimated duration of the lag phase. For eutherian mammals, t 0 can be estimated by t 0 ϭ 7.25m neo 0.19 (r 2 ϭ 0.98, n ϭ 7), where m neo is mean birth mass in grams (equation 5-Calder 1982). There are several methods for estimating size at birth in cetaceans (Perrin and Reilly 1984) ; most rely on the assumption that newborn calves are distinguishable from aborted near-term fetuses and older individuals. In practice, this is not usually the case. Instead, we used an overlap criterion to define probable neonatal sizes and estimated birth mass (m neo ) as the mean a Data on calves were obtained from a larger data set containing all harbor porpoises (approximately 500) collected from the Swedish parts of the Kattegat and Skagerrak seas in the last 2 decades (Museum of Natural History, Gothenburg, Sweden).
of overlapping fetal (n ϭ 6) and calf (n ϭ 8) sizes, including the value of the largest nonoverlapping fetus and the smallest nonoverlapping calf (see range of body mass in Table 1) . We also applied this criterion to estimate average length at birth (fetus, n ϭ 9; calf, n ϭ 40; Table 1 ), which we then used to calculate the duration of gestation and date of birth. To increase our sample size, both bycaught and stranded specimens were used for estimating size at birth.
We calculated conception dates of individual harbor porpoises from the Bay of Fundy and Gulf of Maine (n ϭ 53) and from the Kattegat and Skagerrak seas (n ϭ 20). We also estimated conception dates from observations of fetal lengths from the Baltic Sea (n ϭ 95) published by Møhl-Hansen (1954) and from a subset of data from the North Sea (n ϭ 15) for which the exact date of collection was given (Grieg 1898) . Descriptive information on samples used to estimate conception dates is presented in Table 2 . Age of individual fetuses was estimated by substituting L t and u in equation 3 with observed fetal lengths and b (estimated from linear regression), respectively, multiplying by 30.5 (the mean number of days per month), and adding t 0 . Individual conception dates were calculated by subtracting estimated fetal age (t) from reported capture date (or date of collection for the North Sea sample).
We compared conception dates between populations using analysis of variance (ANOVA). Pairwise comparisons of means were performed using Tukey's honest significant difference test for unequal sample sizes (StatSoft program manual). Because of the nonnormal distribution of the Baltic Sea sample (goodness-of-fit test, 2 ϭ 18.0, d.f. ϭ 8, P Ͻ 0.05) and a heterogeneous variance among samples (Cochran's test, C ϭ 0.555, d.f. ϭ 3, P Ͻ 0.05), we also performed pairwise comparisons of median conception dates using 2 by 2 tables (Fisher's exact test). To maintain an experiment-wise error of 0.05 in these comparisons, we adjusted the significance level (␣) using the Bonferroni method (Sokal and Rohlf 1995) . Values are presented as mean Ϯ SD.
RESULTS
The linear regressions of fetal length on month were significant, and month explained more than 97% of observed variation in mean length within each of the 3 areas (Fig. 2 ). There were no differences between slopes, so we estimated fetal growth rate using the common slope (b ϭ 83.1) when calculating individual conception dates. The relationship of fetal mass to date of capture was also significant, and date of capture explained 91% of the variation in fetal mass. We did not use fetal growth rate estimated from mass in our calculations of conception dates because this was generated from a single population (Kattegat and Skagerrak seas). However, we include the results for comparison and future use. Regression statistics and results from the comparison of slopes are presented in Table 3 .
We estimated mean size at birth to be 6,025 Ϯ 440 g (n ϭ 14) and 762 Ϯ 54 mm (n ϭ 49). Substituting m neo in equation 5 with 6,025 yielded an estimate of 37.9 days for t 0 . We estimated the length of gestation (t at birth) by substituting L t and u in equation 3 with 762 (estimated length at birth) and 83.1, respectively, multiplying by 30.5 (the average number of days per month), and adding t 0 . Thus, the entire duration of gestation is estimated to be (279.7 ϩ 37.9) ϭ 318 days (10.4 months).
Based on the distribution of estimated conception dates, mating season ranges from 36 to 84 days, but 50% of conceptions occur within 12-19 days in all populations (Figs. 3a-d ). There were significant differences in estimated mcd among populations (F ϭ 146, d.f. ϭ 3, 179, P Ͻ 0.05). Conception peaks approximately 3 weeks earlier in the Bay of Fundy and Gulf of Maine than in the Kattegat and Skagerrak seas or the North Sea (P Ͻ 0.05) and 6 weeks earlier than in the Baltic Sea (P Ͻ 0.05). We found no difference between the Kattegat and Skagerrak seas and the North Sea (P ϭ 0.84), but each differed significantly from the Baltic Sea (P Ͻ 0.05). The SD of mcd for the Kattegat and Skagerrak seas was twice as high as in the other samples due to 2 outliers; exclusion of those data did not change the general pattern. The results from pairwise comparison of median conception dates were also consistent with the ANOVA results and are therefore not presented. Assuming a gestation length of 318 days, peak parturition occurs around 20 May in the Bay of Fundy and Gulf of Maine and 
DISCUSSION
This study presents a novel approach for estimating timing of conception in the harbor porpoise and other small cetaceans. We note several significant differences between our approach and previous studies of the reproductive timing of dolphins and porpoises. First, we used 3 independent data sets to estimate fetal growth rate, each covering the entire period of gestation. The use of multiple data sets gave us the opportunity to test the assumption of a constant, species-specific rate of fetal growth. We found no differences in fetal growth rate among the 3 data sets, suggesting that length of gestation is relatively constant in harbor porpoises, in keeping with studies on other mammals (Innes and Millar 1994; Kiltie 1982) . Second, we made a quantitative estimate of size at birth using an objective criterion and including all available specimens, from the largest nonoverlapping fetus to the smallest nonoverlapping calf. Third, our estimated times of conception and birth are based on the distribution of fetal sizes; i.e., we did not use field observations of apparently newborn calves or temporal distribution of stranded neonates. Fourth, by calculating individual conception dates, we were able to generate error terms for mcd in the 4 areas, allowing us to examine interpopulation variation in reproductive seasonality in a statistically meaningful fashion.
Nevertheless, several aspects of our approach could be improved, particularly if more data were available. For example, although fetal growth rates are relatively constant within species, the length of gestation may vary under certain conditions (Berger 1992; Boyd 1996) . This variation is generally small, and we assume that female porpoises do not adjust the length of gestation in response to environmental conditions or other factors. However, it would be useful to have a large series of observations of fetal size taken from a single population over several years so this assumption could be tested, particularly if environmental conditions vary greatly from year to year. In addition, neonatal size may vary both within and among populations, and ideally this parameter should be estimated separately for each population. We did not have sufficient data to compare neonatal size among areas, but considering the general agreement with earlier (qualitative) estimates, the similar size of adult females in the areas, and the consistency in fetal growth rates, we believe that our estimates of neonatal size are representative.
The mating season of harbor porpoises has typically been inferred from seasonal changes in gonadal activity or size or backcalculated from indirect estimates of mean dates of birth (Gaskin et al. 1984; Neimanis et al. 2000; Read 1990; Read and Hohn 1995; Sørensen and Kinze 1994) . Our findings are in general agreement with these studies. For example, examination of reproductive tracts of female porpoises from the Bay of Fundy and Gulf of Maine was used to estimate a mating season of 2-3 weeks in late June and early July (Read 1990; Read and Hohn 1995) . However, analyses of testicular activity indicate that most males in the Bay of Fundy and Gulf of Maine are capable of fertilization until the end of July (Neimanis et al. 2000) , in agreement with our results (Fig. 3a) . We also demonstrate that mating takes place later in the eastern than in the western North Atlantic Ocean, supporting the findings of Sørensen and Kinze (1994) , who examined reproductive seasonality of porpoises in Danish waters. Unfortunately, Sørensen and Kinze (1994) did not distinguish among specimens collected from different areas, and their sample could, therefore, be a mixture of specimens from the Baltic, Belt (western margin of the Baltic Sea), Kattegat and Skagerrak, and North seas. In addition, it is not clear how they estimated mcd.
Based on their mean date at birth (30 June) and gestation period (317 days), their mcd should be 17 August and not 1 August as stated in their article. It is unfortunate that we do not have contemporary data on reproductive timing of harbor porpoises from the Baltic and North seas. For example, our data from the Baltic originate from a Danish hunt conducted half a century ago in the Belt Sea. According to Møhl-Hansen (1954) , this hunt exploited animals migrating out of the Baltic Sea in late autumn. Our results suggest that porpoises in this area mate later in the season than porpoises in the Kattegat and Skagerrak seas or North Sea or there has been a shift in the timing of reproduction since Møhl-Hansen's (1954) study. Further research on the reproductive biology of harbor porpoises in these and adjacent waters will help place our findings into context.
If our estimates of gestation length and conception dates are accurate, most harbor porpoise births take place during late spring or early summer on both sides of the Atlantic Ocean. Considering the relatively small size of neonates and their high surface to volume ratio, one might expect that reproduction would be timed such that calves are born during the most favorable thermal conditions. However, peak parturition does not occur during the warmest months of the year in either area. In fact, in the Bay of Fundy and Gulf of Maine, most females give birth when surface waters are still cold (approximately 8ЊC). Until data for estimating size-at-birth become available for other areas, we cannot examine the relationship between timing of reproduction and ambient temperature in a meaningful way. However, the timing of birth in the Bay of Fundy and Gulf of Maine suggests that warm water is not required for the thermoneutrality of neonates.
Factors other than water temperature, such as the seasonal availability of prey, may affect seasonality of reproduction. Early lactation is the most energetically demanding period for female mammals, and the energetic requirements of lactating females may rise greatly during this period (Sadleir 1984) . In captive dolphins, females increase their daily intake by 30% to 100% during this reproductive phase (Kastelein et al. 1993 (Kastelein et al. , 2002 . It would be advantageous to time reproduction so that calves are born when food is abundant and is of high quality. Atlantic herring (Clupea harengus) is the dominant prey in our study areas (Bör-jesson et al. 2003; Gannon et al. 1998; Lindroth 1962; Recchia and Read 1989) ; capelin (Mallotus villosus) partly replaces herring in more northern areas (Aarefjord et al. 1995; Fontaine et al. 1994) . Migratory patterns and spawning seasons of these prey vary at relatively small spatial scales, and it is possible that the variation in mating seasons of harbor porpoise populations represents adaptations to such variation. As data from other areas become available, this hypothesis could be tested by analyzing timing of conception, birth, and lactation in relation to seasonal changes in distribution and behavior of these and other locally important prey.
Finally, although observations of fetal size have been used to estimate median dates of birth in mammals (Hanks 1969) and dates of birth in dolphins (Barlow 1984) , it has seldom been used to back-calculate dates of conception. We believe that this approach has considerable promise for research on reproduction in many species and particularly in small cetaceans for which other more direct methods may not be available.
